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Abstract 
Active pozzolacic admixtures, such as silica fume (SF) and metakaolin, are used in modern concrete technology to obtain high 
performance properties. Nano-scale pozzolans helps to achieve more dense microstructural packing and more impermeable cement 
matrix. Nanosilica (NS) was synthesised in laboratory by Sol-gel method and added to cement/SF paste in amount 2wt.% from cement. 
Sol-gel nanosilica are characterised by very high specific surface (>30 m2/g). Thermal effect during cement paste hardening was 
investigated. Compressive strength and water absorption were tested for hardened cement paste (HCP) samples. Formation of 
microstructure was investigated using the method Fourier transmission infrared spectroscopy (FTIS). It may be concluded that adding 
Sol-gel nanosilica to cement/SF composition doesn’t give a considerable effect on final physical and mechanical properties of HCP, but 
significant effects on hardening processes in the initial stage of hydrating took place. The best intensification effect of hardening process 
refers to mix containing Sol-gel nanosilica calcined at 400 °C. 
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1. Introduction 
The use of High and Ultra High Performance Concrete (HPC and UHPC) has increased in the world for the last two 
decades. These new types of concrete are characterised by very high compressive strength and impermeability [1]. The 
basic ways to achieve high-performance characteristics of concrete are dense microstuctural packing of particles, low 
water/cement ratio and use of active pozzolanic admixtures. Silica fume (amorphous SiO2) is the most popular and effective 
pozzolanic admixture. Particle sizes of silica fume (SF) are ranging from 20 up to 500 nm. The new tendency in high 
performance concrete technology is to use nano-sized silica admixtures with particle size less than 100 nm [2]. Nanosilica 
(NS) is characterized by extremely high specific surface area and high pozzolanic reactivity [3]. Investigations, which 
carried out by different researchers demonstrate higher pozzolanic effect of nanosilica particles comparing to traditional 
silica fume [4]. 
The use of nano-sized silica has been studied by some authors during the last 10 years [5–6]. Considerable development 
of nanoscience, opportunities and challenges of nanoscience in concrete technology are emphasised. The following 
directions are topical: nano tubes, nano-scale silica fume for improving concrete performance, fly ash, study of cement 
hydrate nanostructure, alkali aggregate reactions and protective nano coatings [7].  
The investigations that have been found in the literature refer to different types of concrete and different nanosilica. For 
example, authors [8] have summarised the cases of application of nanoparticles in refractory concrete mixes. Another 
researcher [9] investigated opportunity to use TiO2 nanoparticles as component of cement composites as a efficient 
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photocatalyst. Nano SiO2 particle application in self consolidating mortars has been studied and compared with silica fume 
by Ramezanianpour [4]. 
Ghafari et al. [10] investigates use of nano-SiO2 nanoparticles without and with carbon coating in order to prevent 
agglomeration and also to promote uniform distribution of very fine particles. It is proved, that mixes based on nano-SiO2  
(5 wt % by cement) are characterised by denser microstructure, reduced volume of permeable voids and reduced water 
absorption, comparing to mix based only on silica fume. 
Some researchers [11] notes, that small additions of nanoclays can improve rheological properties of self-consolidating 
concrete (SCC), but “nano SiO2 and nano CaCO3 can accelerate rate of hydration and improve the early-age mechanical 
properties of cementitious materials”.  
It must be noted that nanosilica is much more expensive admixture comparing to silica fume, therefore replacing of SF 
by nanosilica is not economically beneficial. More efficient way is to use nanosilica in small amount in order to achieve 
some positive secondary effects. 
Some positive examples for use nanoparticles in very small dosages can be found in literature. Author [12] applied two 
type of nanosilica. The first one is obtained from special type sandstone by wet milling. It is proved that admixture 
nanomodifier 0.38–2% (by cement) allows considerable improve the structure of hardened cement paste and increase 
compressive strength up to 35%. The second type is nanosilica particles extracted from hydrothermal solution. Strength gain 
up to 38% is achieved in this case, provided very low concentration of nano particles (below 0.2% by cement).  
Reinforcing cement based materials by highly dispersed carbon nanotube are studied by [13]. Researchers [14] have 
modified cement paste by carbon nanotubes in hyper small amount (only 0.003–0.006% by cement mass!). 
Thermogravimetrical analysis results showing highly basic calcium silicate hydrates and less level of carbonation cased 
more dense structure of cement paste. It must be noted, that the mentioned sources are referred to normal strength concrete 
(20–50 MPa). At the same time, the effect of small quantities nano-particles on UHPC mixes is investigated insufficiently. 
The previous research done by authors [15] does not establish any significant effect of small dosage Sol-gel nano-
particles on compressive strength of high strength concrete. Mineralogical composition analysis done by X-Ray diffraction 
method also does not showing any difference comparing to mix applying only traditional silica fume.  
This research is focused on study early-term effect of nanosilica particles synthesised by Sol-gel method, provided quite 
low amount of nanoparticle (about 2wt.% by cement). Low water/cement ratio is achieved using high-range superplasticizer 
on order to model very high strength concrete cement paste. These type of concrete are characterized by high content of 
cement and silica fume (100–200 kg/m
3, 15–25% by cement mass correspondingly).  
2. Used Materials and Methods 
2.1. Producing of Sol-gel nanosilica  
Sol-gel technology is an alternative method for production of silica nanoparticles. The first silica sol-gel synthesis carried 
by J.J. Ebelmens was described 150 years ago. He proved that silicon esters are slowly hydrolyzed in the presence of 
hydrated silica. The term "sol-gel process" refers to chemical reactions between the colloidal particles and/or connections 
between the polymers in solution leading to a gelatine type structures. The liquid phase (or solvent) is removed by drying 
thereby obtaining a porous dry gel or xerogel, which can be sintered to a dense amorphous (or crystalline) solid. Metal 
alcoxides, which easily react with water, are often used as reagents for sol-gel chemistry. Silicate alcoxides, such as 
tetramethoxysilane (TMOS) and tetraethoxysilane (TEOS), are most widely used, as well as liquid glass – sodium silicate. 
Sol-gel process is also used for other additives which provide the possibility to obtain particles with the required 
composition and structure [16], [17]. Sol-gel synthesis is the chemical method carried out at a moderate temperature and by 
using moderate reagents. The method is based on molecular synthesis of nanoparticles [18]. The scheme of the used 
sintering method is shown in Fig. 1. The synthesis of oxide nanoparticles in aqueous is based on the hydrolytic ion 
condensation process that leads to formation of extremely small primary particles. The further aging process in nano-
dispersed system leads to a sol – gel or settlings formation. 
Change of aging conditions (temperature, pH, constituent relations, their concentrations, etc.) allows regulating the phase 
compositions, created nanoparticle size and shape within a wide range [19]. 
Nanosilica (NS) used in experimental mixes are synthesised by Sol-gel method in accordance with scheme shown in 
Fig. 1. 
Tree types of nanosilica, synthesised by Sol-gel method, used in experimental part, such as: non-calcined and calcined at 
a temperature of 400 and 1000 °C.  After calcining material was ground in laboratory planetary ball mill Retsch PM 400 
during 2 hours, providing rotation speed 300 min
–1. Ready-to-use sol-gel nanosilica is very fine-dispersed white powder.  
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Fig. 1. Used Sol-Gel method for synthesizing SiO2 nanoparticle 
2.2. Characterisation of cementitious materials  
Specific surface area of cementitious materials was determined by BET method using absorption of nitrogen. 
Properties characterising of cementitious materials (used cement, SF and sol-gel NS) are summarised in Table 1. It must 
be noted high values of specific surfaces of Sol-Gel nanosilica (32–54 m
2/g), at least 4 times higher than the area of 
traditional SF. Less value of specific surface for nanosilica calcined in 1000 °C can be explained by particle melting during 
calcining process. At the same time, less specific surface value of non-calcined nanosilica can be explained by particle 
agglomeration as result of presence organic components from Sol-Gel process. Nanosilica calcined at 400 °C is 
characterised by highest value of specific surface. 
Table 1. Characterisation of cementitious materials 
Parameter CEM I 52.5 R SF HF0 HF400 HF1000 
LOI, % <1 0.8 51 <1 <0.1 
Particle effective diam., nm 1000–5000 <500 96 155 120 
Specific surf. BET, m2/g 0.45 7.9 53.9 190.6 31.5 
Bulk density, kg/m³ 1100 200 200 420 420 
SiO2 content, %  >97 >40 >98 99.9 
Calcination temp., °C – – – 400 1000 
 
X-Ray analysis results and FTIS spectres obtained for non-calcined Sol-Gel nanosilica is shown in Fig. 2. and Fig. 3.  
X-ray chart (Fig. 2) indicates absence of crystalline phases and confirms amorphous state of material, the same X-ray charts 
were also obtained for calcined Sol-gel nanosilica.  
The method of Fourier Transmission Infrared Spectroscopy (FTIS) helps to understand chemical bonds in material. 
Spectrophotometer (FTIR) IRPrestige-21 “Simadzu”, using partial internal reflecting technology and KBr reference sample 
was used. The method based on activating of molecules by means of infrared ray energy and recording intensity curve after 
energy transmission through material. 
Absorption in the 3400 cm
–1 interval is characterized by H-O-H valence symmetric bonds, but the absorption peak at 
1620 cm
–1 corresponds to the -OH groups, confirming the presence of adsorbed water.  Silicates are characterized by the 
following absorption ranges: 1080 cm
–1, which corresponding to Si-O asymmetric bonds, valence silicone Si-O-Si 
tetrahedron bonds and 802 cm
–1, which corresponds to  asymmetric valence [SiO4] 
4 – tetrahedron bonds. Absorption at 
455 cm
–1 corresponds to Si-O-Si asymmetric bonds. Domination of asymmetric bonds confirms amorphous state of 
material. 
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Fig. 2. X-Ray diagramm of Sol-Gel non-calcined SiO2 
 
Fig. 3. FTIS absorption spectre of Sol-Gel non-calcined SiO2 
2.3. Mix preparation 
Experimental part provides for producing pure binding paste to avoid interaction between paste and aggregate. High 
strength white, alite based Portland cement (class CEM I 52.5 R) was used as binding material and commercially available 
silica fume (Elkem 971U) as an active pozzolanic micro-filler.  Polycarbocsilate based superplasticizer are used in dosage 
1.5% from cement in order to obtain low water/cement ratio. Reference mixes are based on pure cement paste (CEM) and 
cement/SF composition (silica fume content 15% from cement by mass). The rest mixes contain Sol-Gel nanosilica particles 
which replace silica fume in amount 2wt.% by cement.  
Raw materials were weighted and then mixed in laboratory paddle mixer (200 rpm.). Silica fume was mixed with cement 
in dry condition, but nanosilica was previously dispersed in water and superplasticizer in order to provide uniform 
distribution of NS particles.  
Mix flowability was determined by means of cylinder flow test. Cylinder with the internal diameter 50 mm and height 
100 mm was filled with UHPC concrete mix and lifted up. The diameter of the cylinder flow was measured after 1 minute. 
All the mixes were quite flowable (close to self-compacting), the diameter of cylinder flow >220 mm. 
Samples 4×4×16 cm were produced and covered by plastic film. The samples were demoulded after 1 day and then cured 
in water (+20 °C). Samples 40×40×38 mm were cut from prisms for testing of compressive strength.  
Mix compositions are summarized in Table 2. 
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Table 2. Proportions of mix compositions 
Parameter CEM SF HF0 HF400 HF1000 
CEM I 52.5 R 1.15 1 1 1 1 
Silica fume – 0.15 0.13 0.13 0.13 
Nanosilica  
non-calcined 
– – 0.02 – – 
Nanosilica calcined at 400oC – –  0.02 – 
Nanosilica calcined at 1000oC – –  – 0.02 
Water 0.22 0.23 0.23 0.23 0.23 
Superplasticizer 0.015 0.015 0.015 0.015 0.015 
Calcining temperature, °C – – – 400 1000 
2.4. Testing methods 
Thermal effect of cement paste hydration was tested using non-standard method based on direct measuring temperature 
of cement paste. Freshly mixed samples of cement paste were placed in 250 ml PET containers, isoled by 3 layers of 
foamed plastic film (6 mm) with reflective coating. Themperature measuring couples were placed inside, the graph of 
temperature was recorded digitally. The time of adding water was considered as zero point and the step of measuring was 
1 minute. 
Water absorption was calculated taking into account mass of water saturated samples (28 day old) and mass of oven-
dried samples (105 °C during 48 hours). 
Hardening processes of cement paste was investigated by Fourier Transform Infrared Spectrophotometer (FTIR) 
IRPrestige-21 “Simadzu”. The character of absorbed energy curve depends on nature of chemical bonds in material. The 
method allows controlling forming of functional groups and new chemical bonds. Average infrared wave in range  
2.5–25 μm (4000–400 cm
–1) was applied in this research. 
3. Results 
3.1. Thermal effect of hydration 
Thermal effect of cement paste hydration was tested for 4 mixes: pure cement paste (CEM), paste with silica fume (SF), 
paste with silica fume and non-calcined sol-gel nanosilica (HFO) and paste with silica fume and calcined (1000 °C) sol-gel  
 
Fig. 4. Curves of hardening thermal effect of pure cement paste (CEM), paste with silica fume (SF), paste with silica fume  
and HFO nanosilica (HFO) and paste with silica fume and HF1000 nanosilica (HF1000) 
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nanosilica (HF1000). The results (Fig. 4) show considerable delay of hydration processes and high value of maximal 
acieved tempretature. The main reason of delaing effect could be high concentration of superplasticizing admixture. Mixes 
containing Sol-gel nanosilica are characterised by acelerating setting processes comparing to mix based on cement/SF 
composition (SF). Accelerating effects of mix HF400 and HF0 are 2 and 4 hours correspondingly. Mix based on non-
calcined nanosilica (HF0) showing much lower temperature peak, this effect could be caused by organic solvents remaining 
from sol-gel proces. Some benefits of this phenomena can be used practically to prevent overheating of real UHPC 
construction. 
3.2. Compressive strength 
Results of compressive strength are summarised in Fig. 5 and. Fig. 6. The mix based on pure cement paste (CEM) is 
characterised by smaller value of compressive strength in all ages of hardening. Mixes containing silica fume and silica 
fume compositions with nanosilica particles, demonstrates higher value of compressive strength and long-term hardening 
effect. However, lower results belongs to non-calcined nanosilica, this effect may be caused by possible presence of organic 
solvents from sol-gel proces. Strength differences between different mixes are clearly visible in early stage of hardening. 
One-day compressive strength results are summarised in Fig. 6. 
 
Fig. 5. Results of compressive strength in different ages (CEM), paste with silica fume (SF), paste with silica fume  
and HFO nanosilica (HFO) and paste with silica fume and HF1000 nanosilica (HF1000) 
 
Fig. 6. Results of compressive strength in age of 1 day (CEM), paste with silica fume (SF), paste with silica fume  
and HFO nanosilica (HFO) and paste with silica fume and HF1000 nanosilica (HF1000) 
The mix based on pure cement paste (CEM) shows the lower result (13.8 MPa), but mixes containing silica micro and 
nano particles, demonstrates approximately 3 times higher values. It must be stressed the trend toward the highest strength 
value are mixtures of HF400 and HF0. 
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3.3. Water absorption 
Taking into account that water absorption test provides information about open porosity of material, it may be concluded 
that pure cement paste sample are characterised by highest open porosity. Absorption values of others composition are the 
same (in range 6.6–7.1%). It must be emphasised quite high overall level of water absorption (Fig. 7) in spite of low 
water/cement ratio. Possible reason of these phenomena could be initial cracking in the samples caused by shrinkage and 
absence of aggregate (pure cementitious pastes were used). 
 
Fig. 7. Results of water absorption (CEM), paste with silica fume (SF), paste with silica fume and HFO nanosilica (HFO)  
and paste with silica fume and HF1000 nanosilica (HF1000) 
3.4. FTIS analysis results 
Results obtained from FTIS analysis made for 1 and 28 day hydrated samples are shown in Figs 8 and 9. Intense 
absorption range 3500–3700 cm
–1 (H-O-H groups) and peak in 1658 cm–1 (-OH) indicates about absorbed (physically 
bonded) water in the hardened material. The absorption in range 1480–1420 cm
–1 corresponds to formation of amorphous 
C-S-H groups of hydrated silicate (hydrated cement paste). These phases are not observed in samples of pure cement paste 
in one day of hydration (low corresponding compressive strength was recorded). At the same time, amorphous C-S-H 
groups are recorded in mixes based on cement paste modified with amorphous silica in 1 day old samples (Fig. 9). 
It must be emphasised, that the method of Fourier Transmission Infrared Spectroscopy allows to investigate the 
formation of amorphous groups of hydrous silicates, but X-Ray diffraction analysis informs only about crystalline phases of 
material. Thus, effect on micro and nano pozzolanic admixtures (including Sol-gel nanosilica) may be evaluated using 
results of FTIS analysis.  
 
Fig. 8. FTIS spectrogram for cement paste in 1 and 28 days 
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Fig. 9. FTIS spectrogram for cement/silica fume/non-calcined nanosilica paste in 1 and 28 days 
4. Conclusions 
The effect of replacement of silica fume by nanosilica synthesised by Sol-Gel method in amount 2wt.% of cement mass 
has been investigated. The results of the experiments have not proved to have any significant effect on long-term 
compressive strength and water absorption of hardened cement paste. Furthermore, the accelerating effect of hardening is 
evident at the earlier stage, during the first day after mixing. This effect brings some benefits because high dosage of 
superplasticizer in UHPC mixes causes delay in hardening processes. 
In comparison with traditional silica fume and nanosilica, the properties of Sol-Gel nanosilica are able to be controlled by 
the parameters of sol-gel process (calcining temperature, grinding time, etc.). Sol-Gel nanolilica calcined at the temperature 
of 400 °C has higher efficiency on cement mix in terms of early-age strength. Reduction in strength using non-calcined Sol-
gel nanosilica is caused by the presence of organic ingredients in this one. 
There are prospects for the practical use of Sol-gel nanosilica in UHPC mixes (in amounts up to 2wt.% from cement) in 
order to enhance high performance properties and to control processes of hardening (setting time, hydration heat). 
Fourier Transmission Infrared Spectroscopy analysis made for mixes based on cement, silica fume and Sol-gel 
nanosilica, proved the presence of amorphous groups of hydrous silicates in 1 day old samples. At the same time amorphous 
hydrous silicates have not found in cement paste samples. Therefore, method of Fourier Transmission Infrared Spectroscopy 
can be used for understanding the mechanism of pozzolanic reactions incorporating nanosilica particles.  
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